Aims: To characterize fatty acid and phospholipid analogue pro®les of oral yeasts. Methods and Results: Twenty-seven strains of oral yeasts were cultured on SDA and lipids of freeze-dried cells were extracted and analysed by FAB MS. The most abundant carboxylate anion was m/z 281 (C 18 : 1 ). The most intense phospholipid analogue ions were of PE, PG, PA and PI. Pichia etchellsii contained molecular species of PG and PE, whereas Saccharomyces cerevisiae had PA, PG and PE analogues. Mass spectra revealed that S. cerevisiae and Candida glabrata were distinct from one another and from the other species tested. Conclusions: Oral yeasts largely differ with respect to their polar lipids. It is concluded that oral yeast species have distinctive fatty acid and phospholipid analogue anion pro®les. Signi®cance and Impact of the Study: FAB MS provided novel chemotaxonomic information.
INTRODUCTION
Candida species, especially C. albicans, are causal agents of human candidiasis (Goyal and Khuller 1992) . Several factors, including lipid compositions, have been implicated as virulence factors (Ghannoum et al. 1986) .
Chemotaxonomic methods have been used to assist classi®cation and identi®cation of micro-organisms; a diverse range of techniques has been employed. These techniques include determination of DNA moles %GC (Poncet and Fiol 1972; Kurtzman 1998) , comparison of the ribosomal RNA (5S rRNA) and ribosomal DNA (rDNA) of yeast (Kurtzman 1994) , DNA ®ngerprinting and PCR ampli®cation of genomic DNA sequences (Boerlin et al. 1996; Redkar et al. 1996) , hydrolytic enzyme pro®les (Williamson et al. 1986 ) and Fast Atom Bombardment Mass Spectrometry (FAB MS) of polar lipids (Aluyi et al. 1992) . FAB MS has been used in the analysis of biological materials (Seiferi and Caprioli 1996) , including phospholipids (Drucker et al. 1995 Tavana et al. 1998 ) and fatty acids (Sadek et al. 1998) , and can separate complex mixtures of those compounds. FAB MS has also been used to ®ngerprint polar lipids of yeasts (Abdi and Drucker 1996; Abdi et al. 1999 ) and moulds (Birch et al. 1998) .
Lipids, especially phospholipid analogues, are important biomarkers in yeast cells, while carboxylate composition of Candida species has been investigated previously by gas chromatography and TLC (Kaneko et al. 1976; Viljoen et al. 1988) and by FAB MS (Abdi and Drucker 1996) . In C. albicans, the most intense FAB MS peaks attributable to carboxylic anions have been found to be C 18 : 1 > C 18 : 2 > C 16 : 0 > C 16 : 1 (Abdi and Drucker 1996) , whereas Abdi et al. (1999) have reported C 18 : 1 > C 16 : 0 > C 18 : 2 > C 18 : 3 as major anions in medically-important Candida spp. The most abundant fatty acids in Pichia and Saccharomyces (Viljoen et al. 1988) analysed by GLC were C 18 : 2 , C 18 : 1 , C 16 : 0 and C 16 : 1 . Also, Hunter and Rose (1972 1 ) have compared fatty acids and phospholipids in S. cerevisiae at different temperatures. Fatty acid distribution has been used to classify yeast strains (Viljoen et al. 1988 ). Some of the major phospholipids that have been described in C. albicans are phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and phosphatidic acid (PA) (Abdi and Drucker 1996) . Also, Kaneko et al. (1976) have reported PC, PE, PI and PS in S. cerevisiae.
The aim of the present study was to characterize and compare fatty acid and phospholipid analogue distribution in oral isolates of species of Candida, Pichia and Saccharomyces not previously examined, as well as in additional isolates of C. albicans, C. glabrata, C. famata and C. parapsilosis.
MATERIALS AND METHODS

Organisms
Twenty-seven strains of oral yeasts were isolated from orthodontic and oral medicine patients (Dental Hospital, University of Manchester, Manchester, UK) and identi®ed (Table 1) by CHROMagar Candida (CHROMagar Candida Company, Paris, France), the germ-tube test in horse serum (Oxoid), Wickerham's assimilation and fermentation tests, Rapid ID 32 C kits (BioMerieux SA, Marcy-L'Etoile, France), Auxacolor (Sano®, Diagnostics Pasteur, Marnesla-Coquette, France) and typical microscopic morphology on cornmeal agar.
Growth of the organisms and harvesting of cells
Each isolate examined was cultured on three plates of Sabouraud's Dextrose Agar (BBL, Becton Dickinson) by inoculation as a lawn followed by incubation aerobically at 37°C for 48 h. Cultures were harvested with a sterile cotton wool swab that had been moistened with sterile 0á01 mol l )1 phosphate-buffered saline (PBS) of pH 7á4 (Sigma). Harvested cells were washed twice with PBS, then twice with distilled water at 3000 g for 20 min. Wet cell pellets were frozen then freeze-dried at ) 40°C and 10 )2 Torr with a Modulyo freeze drier (Edwards, Crawley, UKd).
Extraction of lipids
Lipids were extracted by the technique of Aluyi et al. (1992) . Brie¯y, 10 mg freeze-dried cells were extracted with 2 ml freshly-prepared methanol±chloroform (2 : 1 v/v) (BDH) for 4 h at 25°C, and then the above process was repeated. All extracts (4 ml) were evaporated to dryness in a vacuum desiccator over dried silica gel for 5±6 h. Chloroform (1 ml) aliquots were added to the dried extracts which were subsequently washed with 1 ml distilled water then centrifuged at 3000 g for 20 min. Finally, extracts were vacuum-dried and stored at ) 20°C prior to analysis.
FAB MS analysis
Extracts were suspended in m-nitrobenzyl alcohol, which was used as a matrix¯uid, then analysed in negative-ion mode with a Concept IS mass spectrometer (Kratos, Manchester, UK) using xenon for fast atom bombardment (Tavana et al. 2000) . All experiments were repeated so that mean analyses could be calculated. The FAB MS spectra showed up to 800 peaks per sample, with m/z-values between 200 and 1000.
Data analysis
The 10 most abundant anion peaks per isolate observed in the mass spectra were selected for data analysis. As not all isolates had the same 10 most intense peaks, the total peaks measured per sample were well in excess of 10 (vide Tables 2  and 3 ). Fatty acids were present as low mass ions (m/z 200±300), while phospholipid anions occurred as high mass anions (m/z 500±1000). Data were entered into a spreadsheet (Excel, version 4á0 for Windows) normalized (R% peaks 100) and than copied and pasted into SPSS (version 8á0 for Windows) in order to perform statistical analyses. The Pearson Coef®cient of Linear Correlation (r) was used for comparing all pairs of strains (Abdi and Drucker 1996; Tavana et al. 2000) .
RESULTS
Strain identi®cation
Twenty-seven oral yeast isolates (Table 1) in this study were identi®ed using CHROMagar Candida, the germ-tube test in horse serum, Wickerham's assimilation and fermentation tests, Rapid ID 32 C kits, Auxacolor and typical microscopic morphology on cornmeal agar. Table 1 shows the results of identi®cation. Thirteen isolates were identi®ed as C. albicans by colour on CHROMagar Candida and con®rmed by the germ-tube test. CHROMagar Candida is a selective medium that permits growth of yeasts. It is also diagnostic for certain species of Candida on the basis of speci®c colony coloration, which results from chromogenic substrates (in`chromogenic mix') hydrolysed by speciesspeci®c enzymes. The details of the`chromogenic mix' are an industrial secret. Seven isolates of C. parapsilosis, two C. famata, two C. glabrata, one C. sake, one S. cerevisiae and one P. etchellsii were identi®ed by Wickerham's assimilation and fermentation tests, Rapid ID 32 C kits, Auxacolor and typical microscopic morphology on cornmeal agar.
FAB MS
Negative-ion FAB MS yielded over 500 peaks attributed to polar lipids (Fig. 1) . The major peaks of m/z (massto-charge) values between 200 and 300 were mostly attributed to carboxylate anions and are listed in Table 2 with their tentative identi®cation. Peaks of m/z 500±1000 were attributed to the expected presence of phospholipid anions. All data were tabulated and normalized so that R peak percentage 100. For C. albicans, C. parapsilosis, C. famata and C. glabrata, multiple strains were analysed in order to obtain a mean analysis.
Peaks attributable to the expected presence of carboxylate anions (Table 2) (Table 2) . Fatty acid compositions are summarized in Table 3 , which reveals a preponderance of carboxylate anions with unsaturations. Species pairs were compared, using the Pearson Coef®cient of Linear Correlation (Table 4 ), so that a dendrogram might be constructed Fig. 1 Negative-ion FAB MS spectrum for fatty acid and phospholipid analogue anions of Candida albicans by single-linkage clustering (Fig. 2) . From the dendrogram it was clear that S. cerevisiae and C. glabrata differed from one another and from other species tested on the basis of their fatty acid anion distribution.
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The major phospholipids in most yeasts appeared to be analogues of PE. Also, analogues of PS were putatively identi®ed in C. albicans and C. parapsilosis. Furthermore, S. cerevisiae and P. etchellsii were without PI. Figure 3 shows the relationship of strains as a dendrogram based on phospholipid anion distribution. Candida sake is most similar to C. famata, while C. albicans is clearly dissimilar to S. cerevisiae.
DISCUSSION
FAB MS has provided novel data on the distribution of individual phospholipid analogues and fatty acid anions in many taxonomic groups, including Candida spp. (Abdi and Drucker 1996; Abdi et al. 1999) , Clostridium dif®cile , Prevotella corporis (Tavana et al. 1998) and Porphyromonas gingivalis (Tavana et al. 2000) . Abdi and Drucker (1996) have examined C. albicans, C. glabrata and C. tropicalis, and single strains of both C. guilliermondii and C. parapsilosis, using FAB MS. Subsequently, Abdi et al. (1999) have analysed polar lipids of C. albicans, C. inconspicua, C. krusei, C. glabrata, C. lusitaniae, C. norvegensis, C. pseudotropicalis, C. lambica and C. famata. The present study examined more isolates of C. albicans, C. famata and C. parapsilosis than previously. However, negative-ion FAB MS analyses of C. sake, S. cerevisiae and P. etchellsii has never previously been undertaken.
Carboxylate anions
In this study, the major anions detected in Candida strains in the range of m/z 200±300 were 281(C 18 : 1 ), 279(C 18 : 2 ), 255(C 16 : 0 ), 253(C 16 : 1 ) and 277 (C 18 : 3 ). This general 
C, Candida; P, Pichia; S, Saccharomyces; C. a, C. albicans; C. p, C. parapsilosis; C. g, C. glabrata; C. f, C. famata; C. s, C. sake; P. e, P. etchellsii; S. c, S. cerevisiae. PA, phosphatidic acid; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; Un, Unknown lipid. Table 4 Pearson Coef®cient of Linear Correlation as a measure of association between pairs of species based on mean fatty acid anion distribution
C. a 1á000 C. p 0á936 1á000 C. g 0á857 0á862 1á000 C. f 0á943 0á964 0á834 1á000 P. e 0á875 0á942 0á787 0á959 1á000 S. c 0á805 0á760 0á931 0á801 0á728 1á000 C. s 0á930 0á963 0á801 0á983 0á953 0á727 1á000
C, Candida; P, Pichia; S, Saccharomyces; C. a, C. albicans; C. p, C. parapsilosis; C. g, C. glabrata; C. f, C. famata; C. s, C. sake; P. e, P. etchellsii; S. c, S. cerevisiae. ®nding agrees with data obtained both by Abdi and Drucker (1996) and Abdi et al. (1999) using FAB MS, and with the ®ndings of Viljoen et al. (1988) who used gas chromatography for analysis of carboxylate methyl esters of Candida. Furthermore, in this study, S. cerevisiae and P. etchellsii were found to have an unusual distribution of fatty acids. Their minor anions were of m/z 209(C 13 : 2 ), 237(C 15 : 2 ), 257(C 15 : 0 ), 295(C 19 : 1 ), 293(C 19 : 2 ) and 239(C 15 : 1 ), and differed from the distribution of these minor fatty acids in other yeasts examined. Abdi and Drucker (1996) have detected C 20 : 2 , C 19 : 1 , C 17 : 2 , C 16 : 2 and C 15 : 2 in C. albicans and C. glabrata. There was a considerable difference in individual carboxylate anions in the yeasts tested. For example, the second most intense carboxylate anion in C. glabrata and S. cerevisiae, 253(C 16 : 1 ), was replaced by 279(C 18 : 2 ) in C. albicans, C. parapsilosis, C. sake, C. famata and P. etchellsii. According to Viljoen et al. (1988) , P. etchellsii lacks linolenic acid (C 18 : 3 ); in contrast, in this study, linolenic acid represented 15á3% of total fatty acids in the single strain examined. The fatty acid anion distribution in C. sake was similar to that in C. famata as the Pearson Coef®cient of Liner Correlation shows (Table 4) ; however, their fatty acid ®ngerprints are clearly different from that of S. cerevisiae. This relationship is apparent in a dendrogram of strains clustered by single-linkage (Fig. 2) . Saccharomyces cerevisiae had a noticeably lower percentage of C 16 : 1 than the other yeast isolates, which included some species previously studied (Abdi and Drucker 1996; Abdi et al. 1999) . In this study, highly unsaturated fatty acids were more in evidence than saturated fatty acids. The ratio of unsaturated:saturated fatty acid ranged from 2á8 for C. albicans to 4á5 for P. etchellsii (Table 3 ). This ®nding mirrored that of other authors who have found more unsaturated fatty acids than saturated fatty acids in yeasts (Ghannoum et al. 1990; Mishra et al. 1992) .
Phospholipid analogue anions
The higher mass anions tentatively identi®ed in tested yeasts as molecular species of phospholipid were molecular species of PA, PE, PG, PI and PS. The most abundant phospholipid type in all yeasts was PE. PA accounted for 15á7%, 28á2% and 3á4% of total phospholipids in C. famata, C. glabrata and C. parapsilosis, respectively. Abdi and Drucker (1996) reported that PA accounted for 9% of phospholipid in C. glabrata, but they have found none in C. parapsilosis. In the present study, C. parapsilosis and C. famata had the highest proportions of PG (15á2% and 15á8%) and C. glabrata the least (4á4%). Previously, Abdi et al. (1999) reported PG in C. albicans, C. glabrata, C. famata and C. parapsilosis. PC is a minor component of the yeast membrane (Marriott 1975 ) but in negative-ion spectra, would be seen as its fragmentation product, PE. Analogues of PI, speci®cally PI(34 : 3), PI(34 : 2) and PI(34 : 1), were observed in all Candida strains in this study, but not in P. etchellsii or S. cerevisiae; more strains will need to be examined to con®rm this generalization. The assignment of higher mass peaks is supported by the lower mass anion data. For example, PI(34 : 2) could arise from C 18 : 2 and C 16 : 0 fatty acyl substituents as glycerol. Similarity, a phospholipid substituted by the major fatty acids present, C 16 : 0 and C 18 : 1 , would have a total fatty acyl content of C 34 : 1 . Intense ions are seen with m/z 673, 716 and 835, corresponding to PA(34 : 1), PE(34 : 1) and PI(34 : 1). Abdi and Drucker (1996) and Abdi et al. (1999) reported PI in all Candida isolates examined. The presence of PS in C. albicans and in C. parapsilosis was not reported previously when lipids were analysed by FAB MS (Abdi and Drucker 1996; Abdi et al. 1999) . However, the ®nding of PS in Candida by others using chromatographic methods (Kaneko et al. 1976; Chopra and Khuller 1983) is con®rmed by the present study. Table 3 shows the presence of PA, PG and PE in S. cerevisiae, and of PG and PE in P. etchellsii.
There are no published data on the individual phospholipid analogues of these organisms, although PE, PC, PI, PS and PA have been detected in S. cerevisiae by Kaneko et al. (1976) . It appears that the pattern of phospholipids in Candida spp. differs from that of either S. cerevisiae or P. etchellsii. When the Pearson Correlation Coef®cient was used to compare strains on the basis of phospholipid analogue data (Table 6 ), the ®ndings did not correlate exactly with similar calculations using lower mass anion data to compare strains. Similarly, Abdi et al. (1999) observed this difference, in Candida species, between distribution of phospholipid analogues and fatty acids.
In conclusion, novel data are presented on fatty acids and phospholipid analogues of C. sake, S. cerevisiae and P. etchellsii. It is also concluded that FAB MS can provide useful data on the distribution of carboxylic acids and analogues of phospholipids for the chemotaxonomy of yeasts. Table 6 Pearson Coef®cient of Linear Correlation as a measure of association between pairs of species based on phospholipid analogue anions C. a C. p C. g C. f S. c C. s P. e C. a 1á000 C. p 0á552 1á000 C. g 0á249 0á195 1á000 C. f 0á496 0á709 0á313 1á000 S. c ) 0á007 0á337 0á188 0á645 1á000 C. s 0á699 0á738 0á292 0á766 0á177 1á000 P. e 0á315 0á617 0á150 0á697 0á570 0á485 1á000 C, Candida; P, Pichia; S, Saccharomyces; C. a, C. albicans; C. p, C. parapsilosis; C. g, C. glabrata; C. f, C. famata; C. s, C. sake; P. e, P. etchellsii; S. c, S. cerevisiae.
